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PUTATIVE FLAGELLAR CHANNEL-LINING RESIDUES AND THEIR ROLE IN
FILAMENT SYNTHESIS, MORPHOLOGY AND STABILITY

Troy Burtchett, M.S.
Western Michigan University, 2020

Bacterial flagella are comprised of ~20,000 repeating subunits called flagellin and are
synthesized by transporting unfolded flagellin monomers through the central channel of the
flagellar filament to the distal end where they are folded and incorporated into the growing
structure. The transport mechanism is predicted to be facilitated by a hydrophilic coating of
amino acid side chains on the inside wall of the central channel that repels the mostly
hydrophobic surface of the unfolded flagellin monomer. The lack of interaction between the
flagellin monomer and the central channel wall is thought to allow for the passive diffusion of
protein monomers. In this study, the necessity of the hydrophilic lining of the central channel
wall was investigated by site-directed mutagenesis of amino acids that are predicted to line the
central channel, called “channel-lining residues”, which consist of Gln 484, Asn 488, Ser 491
and Arg 494. Single and double mutants were created that substituted each channel-lining
residue with a different amino acid, primarily alanine. Characterization of the mutants suggested
that channel lining residues may not be explicitly necessary for flagellin monomer transport.
However, mutants were found to influence other aspects of the flagellar filament such as length,
morphology and stability. It is likely that the channel-lining residues are multifunctional, serving
many functional roles and not just the transport facilitating role that has been predicted.
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CHAPTER 1
INTRODUCTION AND REVIEW OF FLAGELLA-MEDIATED BACTERIAL
MOTILITY
1.1 Introduction to Motility
Motility is a characteristic shared by about 80% of known bacterial species1. Bacterial
motility enables individual cells to move away from unfavorable conditions and towards a more
favorable environment via chemotaxis2,3. In the case of pathogenic species of bacteria, motility
can act as a virulence factor, facilitating colonization of the host to establish an infection4,5.
Furthermore, motility in a liquid environment is an essential part of establishing biofilms on the
surface of an object, where flagella are used to sense the presence of a surface and transition
from a motile state to a sessile state6.
Motility is indeed an important and, in some cases, an essential characteristic for many
species of bacteria. One common form of motility is swimming in liquid environments by the use
of flagella. The flagellar apparatus is comprised of a basal body rotary motor, flexible hook and
helical flagellar filament7–9. Several flagella can be present on the surface of a bacterial cell, and
when the filaments are rotated in a counterclockwise fashion, they will form a bundle and propel
the cell forward2,3.
This paper will discuss and provide background information of the flagellar apparatus.
Flagellar structure, synthesis, regulation and roles of flagella will be reviewed; including the role
flagella play in establishing biofilms, and how some bacterial species use flagella as a virulence
factor. Finally, this paper will provide a summary and discussion of original research
investigating a long-standing hypothesis about the nature of flagellar synthesis.
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1.2 Structure of the Flagellar Apparatus
The flagellar apparatus is comprised of three parts: a basal body rotary motor, flexible
hook and a helical flagellar filament7–9. Fig. 1.1 shows the basal body rotary motor embedded in
the inner and outer membranes as well as the peptidoglycan layer. The motor consists of two
main parts: the rotor and the stators. The rotor is made up of the MS ring and the C ring. The MS
ring is embedded in the cytoplasmic membrane and acts as a platform on which the rest of the
motor can be assembled. It is made up of a single repeating protein called FliF8,10,11. Attached to
the cytoplasmic side of the MS ring is the C ring that is formed by three different proteins: FliG,
FliM and FliN. The C ring is responsible for determining the rotational direction of the motor,
which is controlled by the quaternary structure of the FliG subunits8,9,12.
L ring

There are around 11 stators in the

P ring

rotary motor, each one consisting of four
MotA proteins and two MotB proteins
forming a MotA/MotB compelx13,14.
MotB anchors the stator to the
peptidoglycan layer while MotA interacts
with FliG of the C ring8. The MotA/MotB
complex also forms a proton channel
where extracellular protons, which are at a
higher concentration than in the cytosol,
can diffuse into the cell; a process known
as proton motive force (PMF). As the
protons diffuse through the stator, torque is

Figure 1.1: Three-D model of the basal body rotary
motor of the bacterial flagellum. The MS ring is
embedded in the cytoplasmic membrane (CM) and
connected to the C ring on the cytoplasmic side.
On the periplasmic side, the P ring is embedded in
the peptidoglycan layer (PG) and subsequently
attached to the L ring which is embedded in the
outer membrane (OM). Stators are embedded in
the PG at one end and interact with the C ring at
the other end. Blue dots represent protons. Figure
adapted from Morimoto and Minamino8.

2

generated which turns the motor. Because the stators are anchored to the peptidoglycan layer
they will not rotate, but the MS ring and C ring will9,15.
Forming the rest of the basal body is the P ring and the L ring. The P ring is made up of a
single repeating protein: FlgI. Embedded in the peptidoglycan layer, the P ring does not rotate
with the MS ring or the C ring. The P-ring is connected to the L ring on its the outer membrane
side. The L ring is embedded in the outer membrane and consists of a single repeating protein
called FlgH8. Both the P ring and the L ring form a housing unit through which the rod of the
flagellar filament is located. The rod is formed from 5 separate proteins: FliE, FlgB, FlgC, FlgF
and FlgG7. The rod is connected to the MS ring where torque is transferred to the filament (Fig.
1.2). Lastly, located in the center of the C ring on the cytoplasmic side is a specialized type IIIlike flagellar export apparatus. The export apparatus is made up of 9 proteins: FlhA, FlhB, FliH,
FliI, FliJ, FliO, FliP, FliQ and FliR. Using energy from PMF, proteins needed for flagellar
synthesis can be exported to the growing distal end of the filament7,9.
The rod is the beginning of the flagellar filament and is connected to the hook at its distal
end. The hook acts as a universal joint and is made of a single repeating protein called FlgE.
FlgE proteins are exported by the flagellar type III export apparatus into a central channel
created by the rod. FlgE proteins travel through the central channel and assemble at the growing
end of the hook with the help of the chaperone protein FlgK (also called HAP1)7. The hook
grows to a length of 55nm ±5.9 nm at which point hook synthesis stops and synthesis of the
flagellar filament begins16. The exact mechanism by which hook length is measured is not
known, though two proteins, FliK and FlhB, have been identified as playing key roles in hook
length determination17,18.
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Once synthesis of the hook is complete the protein FlgL (also called HAP3) is exported
into the central channel and joins FlgK at the distal end to form the hook-filament junction7. The
chaperone protein FliD (also called HAP2) is exported to the distal end of the filament where it
forms a cap over the exposed central channel. The FliC flagellin protein is then exported in a
partially unfolded state into the central channel. FliC travels to the distal end of the filament
where it folds into its native conformation with the help of FliD and is incorporated into the
growing flagellar filament (Fig. 1.2)7,19. In total, there are around 20,000 FliC proteins
incorporated into a mature flagellar filament19.

Figure 1.2: Two-D vertical cross section model of the flagellar apparatus.
Green ovals represent proteins exported into the central channel of the
filament. Figure adapted from Vonderviszt and Namba7.
4

Throughout the entire length of the filament structure there is a central channel
(represented in Fig. 1.2 by two thin lines starting at the export apparatus and ending at the distal
end of the filament) that is 2 nm in diameter20. The narrow diameter of the central channel cannot
accommodate a fully folded protein and so proteins must be mostly unfolded upon export. PMF
is used by the flagellar export apparatus to export proteins into the central channel21; however,
once in the central channel no further energy is used to transport the proteins. It has been
hypothesized that proteins in the central channel passively diffuse to the distal end of the
filament20,22,23.
1.3 Regulation of the Flagellar Apparatus
The regulation mechanism for flagella-associated genes must account for several
complications presented by flagellar synthesis. First, in bacterial species with peritrichous
flagella such as Salmonella enterica, there are several flagella at different locations in the cell
membrane that may be at different stages of development. Expression of flagella-associated
genes must accommodate the synthesis of a flagellum that is in early development as well as a
flagellum that is in late development. Second, flagella-associated gene expression must occur in
a highly regulated stepwise fashion to achieve maximum efficiency. For example, it would be
disadvantageous for a cell to express genes needed for filament assembly when the basal body
motor is not fully synthesized. While the first complication of accommodating flagella in
different stages of development is not well understood, the stepwise expression of flagellaassociated genes has been thoroughly investigated24–27.
The flagellar regulon of Salmonella enterica serovar Typhimurium consists of over 60
genes coding for structural proteins as well as proteins that activate or inhibit other genes26. The
flagellar regulon is composed of three groups of genes: class I, class II and class III. These
5

groups are expressed sequentially where class I genes are expressed first, then class II and finally
class III26.
Class I genes are made up of a single operon that contains the genes flhD and flhC. The
expression of these genes is controlled by several global regulators that are influenced by
environmental factors such as temperature, pH, and high salt concentrations28,29, as well as
physiological factors such as damage to the cell envelope27. Once expressed, FlhD and FlhC
form the complex FlhD4C2 which acts as an activator for class II genes and has autoinhibition
activity, presumably to avoid overexpression of class II genes24,26,30.
Class II genes include 38 genes across 9 different operons. These genes include those that
encode proteins making up the hook, basal body and flagellar type III export apparatus (together
called the hook basal body or HBB)24,26. Among the class II genes being expressed are fliA, flgM,
fliT and fliD. These genes code for proteins that have regulatory activity. FliA will bind to RNA
polymerase to activate the expression of class III genes. However, activation of class III genes
must only occur once the HBB has been fully synthesized. To avoid early activation of class III
genes FlgM will bind to FliA to form a FliA-FlgM heterodimer which cannot bind to RNA
polymerase26,31. FliT will inhibit the FlhD4C2 complex from activating class II genes32. However,
like with FliA, this cannot happen too early, otherwise HBB synthesis will not be completed. To
achieve this, FliD will bind to FliT to stop its inhibitory effects26.
Once the HBB is completed it is time for the activation of class III genes. At this point in
flagellar synthesis the proteins needed for class III activation are present in the cytoplasm,
however they are being inhibited. To stop the inhibition of class III activators the flagellar export
apparatus switches specificity from early class II gene products (those needed for the synthesis of
the HBB) to late class II gene products (mostly chaperone proteins that facilitate filament
6

assembly)26. The specificity switch causes FlgM to be secreted, significantly reducing FlgM
levels inside the cell allowing FliA to bind to RNA polymerase and activate class III genes33.
Once class III genes have been activated, class II genes no longer need to be expressed. FliD will
also be secreted by the flagellar type III export apparatus, which will allow FliT to inhibit the
activity of FlhD4C2, stopping the expression of class II genes26.
Class III genes include 29 genes across 16 operons. Some of the genes expressed are
those important for filament synthesis, such as fliC, and others are needed for the synthesis of the
stators, such as motA and motB. Due to the nature of the regulation of flagellar associated genes,
class III genes are only expressed when the gene products have a structure on which they can
assemble. FliC is able to begin assembly at the end of the newly synthesized hook and the stator
proteins are able to associate with the C ring and the P ring24,26.
1.4 Chemotaxis: Sensing Chemical Gradients
Chemotaxis is the ability to sense and respond to chemical gradients. Often the
environment in which bacteria grow is non-homogenous, where nutrients can occur at high
concentrations in isolated microenvironments. In such an environment it is not good enough for a
cell to be just motile, but rather the cell must be motile and have the ability to direct its
movement toward the high concentration of nutrients. For example, simulations of bacterial
populations in non-homogenous environments have shown that chemotactic bacteria will
outcompete non-chemotactic bacteria, providing evidence that chemotaxis increases fitness34,35.
In nutrient limited environments the chemotactic response must be fast acting and
sensitive to detect the smallest changes in chemical gradients. For example, the marine bacterium
Vibrio alginolyticus has been shown to respond to nanomolar concentrations of nutrients36.
Furthermore, the ocean dwelling bacterium Pseudoalteromonas haloplanktis was investigated to
7

determine its ability to detect microscale nutrient patches. A microinjector was used to simulate
the nutrients released by viral lysis of phytoplankton cells. P. haloplanktis was able to quickly
detect and exploit the nutrient patch, resulting in a nutrient exposure that was an order of
magnitude greater than cells that had not done so37.
It is clear that detecting chemical gradients and directing movement accordingly is
beneficial to bacteria. This section will discuss the mechanism by which bacteria sense a
chemical gradient and how the cell is able to change its direction of movement in response. In
addition, the mechanism by which bacterial cells develop “memory” of past environments will
be discussed.
The flagellar motor will naturally rotate in a counterclockwise (CCW) direction, causing
the flagella to form a bundle (Fig. 1.3 B) and propel the cell forward. When the flagellar filament
rotates clockwise (CW) the bundle will separate, causing the cell to “tumble” and change its
orientation (Fig. 1.3 A). The flagellar motors will then change their rotational direction back to
CCW, causing the flagella to form a bundle and swim forward. The cell will then likely be
swimming in a different direction2,3.
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The alternating process of

A

tumbling and swimming is the basis

B

for chemotaxis. When a cell is in an
area of low nutrient concentration it
will tumble often. If the cell detects
an increasing concentration of
nutrients it will tumble less
frequently, making it less likely to
change direction and stay on course
moving up the nutrient gradient. The

Figure 1.3: (A) Salmonella enterica serovar Typhimurium
strain SJW1103 transformed with plasmid pTH890.
Flagella are separated but still exert forces on the cell from
different anchor points, causing the cell to tumble. (B)
Salmonella enterica serovar Typhimurium strain SJW1103.
Flagella are in a bundle and exert their force in the same
direction, causing the cell to move forward.

mechanism by which bacteria control the frequency of tumbling and swimming begins with
transmembrane proteins called methyl-accepting chemotaxis proteins (MCPs)2,38,39. MCPs form
a dimer and will bind an attractant (likely a nutrient) on the periplasmic side and relay that
information to the cytoplasmic side of the cell. On the cytoplasmic side of the cell two proteins
are bound to the MCP: CheW and CheA. CheW binds directly to the MCP and forms a scaffold
to which CheA can bind2. In the absence of an attractant, CheA will autophosphorylate and
transfer its phosphoryl group to CheY40 (Fig. 1.4). The activated CheY (CheY-P) will bind to
FliM and FliN of the C ring on the flagellar motor causing it to rotate in a CW direction2,41.

9

Figure 1.4: The chemotaxis pathway. The active MCP is shown in green while the deactivated MCP is
shown in red. The active MCP can transfer a phosphoryl group to either CheY or CheB, causing a
motor reversal or demethylation, respectively. CheZ is antagonistic to activated CheY (CheY-P).
CheR will methylate MCPs, making it necessary for more attractant to be bound to induce
autophosphorylation of CheA. Figure adapted from Hazelbauer et al.38.

In order to re-establish the CCW rotation of the flagellar motor, CheZ will
dephosphorylate CheY-P, stopping it from binding to the C ring42. The CheY-P that is already
bound to the C ring has a short half-life and will eventually dissociate from the C ring. With no
new CheY-P binding, the flagellar motor quickly returns to CCW rotation2. Fig. 1.4 shows this
process.
When an attractant is bound, the MCP will undergo a conformational change43, which
will stop CheA from autophosphorylating, resulting in a deactivated MCP and allowing the cell
10

to continue swimming forward. Even though the cell is in the presence of nutrients it will
continue to seek out higher concentrations; however in order to do this, the MCP must be
reactivated despite an attractant being bound. This is achieved by the activity of CheR, which
will preferentially methylate the deactivated MCP, decreasing its affinity to bind an attractant44.
This restores the autophosphorylating activity of CheA, allowing the cell to tumble and reorient
even though it is in the presence of nutrients.
The MCP’s lowered affinity means that a higher concentration of attractant is required to
bind. Once the cell has entered an area with a sufficient attractant concentration to bind the MCP,
CheR will methylate again, and the attractant affinity will be lowered even further2,39.
If, after reorienting, the cell happens to be traveling in a direction that leads to low
nutrient concentrations, the MCP must re-sensitize. This is achieved by the activity of CheB.
When the MCP is active, CheA can phosphorylate CheB (CheB-P). The activated CheB-P will
act antagonistically to CheR and demethylate MCPs causing them to increase their affinity for
attractant2,39,45.
Chemotaxis is a relatively simple signal transduction mechanism that allows bacterial
cells to sense chemical gradients. By controlling how often reorientation occurs, cells can
increase the likelihood of traveling towards high nutrient concentrations. The antagonistic
activity of CheR and CheB allows the cell to adapt to background levels of attractants while
remaining sensitive to small changes in concentration.
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1.5 The Role of Flagella in Biofilms and Virulence
Biofilms consist of microbial cells and extracellular polymeric substances (EPS) that they
excrete and are formed on abiotic or organic surfaces in the environment or within a host. The
EPS provide protection from environmental stressors such as UV light46, disinfectants47,
antibiotics48 and the host immune system49. The ability to form biofilms is, itself, considered a
virulence factor as it aids in establishing and maintaining infections50. The life cycle of biofilm
forming bacteria consists of changing between a planktonic state (motile) and a sessile state
(non-motile), whereby motile cells adhere to a surface, transition to a non-motile state and
establish a biofilm. Once the biofilm has matured, cells transition to a motile state and travel to a
different location to start the process over again51,52 (Fig. 1.5).

Figure 1.5: The life cycle of biofilm forming bacteria. Planktonic (free swimming) bacterial cells
reversibly attach to a surface via flagella. The cells transition to a sessile state and irreversibly attach.
During this time, the cells divide and produce an extracellular polymeric substance that makes up the
biofilm. The biofilm matures and individual cells transition to a planktonic state and disperse into the
environment to start the process over again. Figure adapted from Barraud52.

The method by which flagella are used to establish biofilms is quite simple. Primarily, the
adhesive properties of flagella are used to sense a surface and reversibly adhere while adhesins
are produced that will permanently adhere the cell to the surface6. During that process, the
12

flagella that are making contact with the surface are obstructed from rotating. There is evidence
to suggest that cells can detect the obstruction of rotation and a signal transduction event, known
as mechanosensing, transmits that information to the inside of the cell6,53, leading to the
expression of genes associated with biofilm production and virulence6.
The exact mechanism used to detect rotational obstruction of the flagellum is not known,
though it likely has to do with the buildup of membrane potential. Because the flagellar motor
uses PMF to generate torque, a sudden stop in rotation would inhibit protons from passing
through the MotA/MotB complex and cause an increase in membrane potential54. Rotational
obstruction of the flagellar motor was simulated in Bacillus subtilis by deleting the motB gene,
which disrupted the proton channel created by the MotA/MotB complex. Compared to a wildtype B. subtilis control, the ΔmotB mutant had an increase in transcriptional regulators associated
with biofilm production55.
Flagella also play a key role in the virulence of bacteria. In many cases, motility itself is
essential for the ability of pathogenic bacteria to reach target host tissue and establish an
infection. For example: motility was found to be essential in Borrelia burgdorferi, the causative
agent of Lyme disease, as non-flagellated mutants were unable to establish infections in a mouse
model56. Bacterial pathogens such as Helicobacter pylori, Campylobacter jejuni and Salmonella
spp., target tissue types in the gastrointestinal tract that have a mucus layer53. In order to colonize
such tissue types, bacteria have been shown to direct their movement towards the mucus layers
by detecting mucins and glycoproteins, which are primary components of mucus, via the
chemotaxis pathway57. Once the cell enters the mucus layer, there is an increase in mechanical
stress on the flagellar filament due to an increase in viscosity. In Escherichia coli, Vibrio
parahaemolyticus and Proteus mirabilis, a mechanosensing pathway is thought to sense the
13

increase in viscosity and cause cells to differentiate into swarmer cells, a key step in
pathogenesis58–60.
As filamentous appendages that extend from the cell surface into the environment,
bacterial flagella are used to sense spatial positioning. When coupled with mechanosensing,
flagella enable cells to detect certain properties of their environment, such as viscosity or their
proximity to a surface. Cells can then act accordingly to produce biofilms or other virulence
factors that enable infection or persistence in the environment.
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CHAPTER 2
THE FORCES THAT MAKE FLAGELLAR SYNTHESIS POSSIBLE
2.1 Flagellar Channel-lining Residues and Their Predicted Role in Flagellar Synthesis
Yonekura et al.20 first determined the atomic structure of the Salmonella typhimurium
flagellar filament via cryoelectron microscopy to a resolution of ~4Å, leaving some discrepancy
as to the exact location of some amino acid side chains. Analysis of the structure revealed that
three C-terminal residues may face inwards towards the central channel. Two of these residues
(Asn 488 and Gln 484) are polar while the third (Arg 494) is positively charged (Fig. 2.1).
Together, these residues are predicted to create a hydrophilic coating that runs the length of the
central channel surface. Yonekura et al.20 hypothesized the hydrophilic coating would be
important for efficient transport of monomer proteins to the distal end of the filament. As a
flagellin monomer enters the central channel in an unfolded state, the mostly hydrophobic amino
acid side chains would be exposed to the central channel surface. A central channel-lining of
hydrophobic nature would trap the flagellin monomer, however, the observed hydrophilic lining
would enable the flagellin monomer to pass to the distal end without any inhibitory interactions.
Analysis of over 200 flagellin homologues by Beatson et al.22 showed that the C-terminal
region of flagellin is relatively conserved across species. Consistent with the Salmonella
flagellin, homologous flagellins had hydrophilic or charged residues in the same positions as the
three channel-lining residues predicted by Yonekura et al.20. Additionally, it was determined that
a fourth residue, Ser 491, may also have a channel-lining role in flagellin (Fig. 2.1). Due to the
conserved nature of the C-terminal region and the four channel-lining residues, Beatson et al.22
hypothesized that a hydrophilic central channel that facilitates protein monomer transport is
necessary for flagellar synthesis and may be a shared characteristic by many species of bacteria.
15

Gln 484

Asn 488

Ser 491

Arg 494
Figure 2.1: The FliC flagellin monomer (left) represented in the rainbow format where blue is the Nterminal and red is the C-terminal. On the right is a close-up of the N- and C-termini, with the
putative channel-lining residue side chains shown as a stick model where grey represents carbon, blue
represents nitrogen and red represents oxygen. Images of the protein structure were created using
UCSF Chimera v. 1.14.

The flagellar filament shares many structural similarities to the virulence needle used by
bacteria to inject effector proteins into target cells. For example, the virulence needle is a tubular
structure61 and proteins are transported through it62. Rathinavelan et al.23 used a computer
simulated model of a virulence needle to determine the forces that enable proteins to travel
through the tubular structure. It was proposed that effector protein transport was made possible
by electrostatic repulsive forces between the virulence needle structure and the transported
protein. The same computer simulated model was applied to the flagellar filament and found to
work in a similar way; concluding that the interior surface of the flagellar central channel must
apply a repulsive force on transported proteins for efficient monomer translocation23.
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2.2 Proposed Models for Flagellar Filament Synthesis
In 1974, flagellar filament growth in Salmonella was first observed by imaging flagella at
different stages of development via electron microscopy63. It was noticed that short flagella have
a relatively high rate of growth, however, longer flagella had a low rate of growth. This led to the
proposed mechanism of length-dependent growth, where the rate of elongation decreases as
filament length increases. This mechanism was corroborated in 2011 with a computational
investigation of flagellin monomer translocation through the central channel of the filament64.
The computation predicted that translocation of monomer proteins would become less efficient
as filament length increased, leading to progressively slower growth rates.
However, in 2012, E. coli flagella were observed via fluorescent labeling to grow in a
length-independent manner; the rate of growth was constant regardless of filament length65. A
chain mechanism was proposed in 2014 to explain the observed length-independent growth. It
was hypothesized that, when inside the central channel, the C-terminus of a flagellin monomer
may interact with the N-terminus of the preceding monomer. Such interactions would occur for
all monomers for the entire length of the filament creating a “chain”. The proposed model further
stated that as the most distal monomer was folded and incorporated into the filament, it would
pull the flagellin monomer “chain” along, thus resulting in length independent growth.
Thermodynamic calculations showed that the mechanism is theoretically possible, and that the
chain would not be pulled apart by the pulling force66.
In 2017 the strongest evidence for a flagellar filament growth mechanism was reported.
For the first time growing flagella were directly observed in real time using continuous flow in
situ immunostaining67. The flagellar growth rate was observed to decrease as filament length
increased, providing further evidence for a length-dependent mechanism. To explain the
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observed results, an injection-diffusion model was proposed where flagellin monomers are
secreted into the central channel and passively diffuse down a concentration gradient to the distal
end of the filament. The growth rate would start at a high rate as individual monomers would
have less distance to travel, however as the filament grows each monomer would have a
progressively longer distance to travel, leading to a slower rate of growth67. It was shown that the
previous study observing length-independent growth may have been using flawed methods that
allowed for filament growth between measurements, which lead to the conclusion of a linear
growth rate67. Additionally, the proposed chain mechanism was hypothesized to be impossible
due to the width of the flagellar central channel being too narrow to accommodate the interaction
between the N- and C-termini of flagellin monomers67.
Proposed mechanisms for flagellar filament synthesis have been conflicting, however, the
strongest evidence appears to support a length-dependent model. All proposed models have
suggested passive mechanisms that are seemingly made possible by hydrophilic channel-lining
residues that allow protein monomers to passively translocate to the distal end of the filament.
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CHAPTER 3
METHODOLOGY FOR CREATION AND CHARACTERIZATION OF CHANNELLINING RESIDUE MUTATIONS
3.1 Rationale for Site-directed Mutagenesis of Flagellin
Site-directed mutagenesis is a rapid and efficient method of introducing mutations to a
desired location in a strand of DNA. The most common method of site-directed mutagenesis is
polymerase chain reaction (PCR) based, where specially designed primers can be used for
insertions, deletions and point mutations with high accuracy68,69 (Fig. 3.1). Additionally, PCR
based site-directed mutagenesis can be used on plasmids that contain a gene of interest70,
eliminating the need for insertion into a vector post PCR.

Figure 3.1: Site-directed mutagenesis showing the implementation of various mutations. Forward
primers are represented as black and reverse primers are represented as red. A) Substitution mutation
where the forward primer carries the desired mutation (shown by the asterisk on the forward primer).
B) A deletion mutation where the forward and reverse primer are designed to bind apart from one
another so that PCR results in a non-amplified region (shown in blue). C) A small insertion where the
forward primer is designed to have a section that does not exist in the template DNA (squiggly part of
the forward primer) but will be incorporated in subsequent rounds of PCR. D). Large insertion where
both the forward and reverse primers are designed to have sections that do not exist in the template
DNA (squiggly part of both primers) and will be incorporated in subsequent rounds of PCR. Figure
adapted from New England Biolabs https://www.neb.com/
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Using site-directed mutagenesis to substitute target residues in a protein with alanine (i.e.
alanine scanning) is a common method of structure-function studies and can be used to identify
important residues within a protein71–73. Furthermore, alanine scanning has been used to identify
residues in the N-terminal region of flagellin that affect filament morphology and stability74.
These same methods can be applied to the predicted channel-lining residues in the C-terminal
region of flagellin to investigate their hypothesized role of facilitating monomer protein
transport. Individually, each channel-lining residue can be mutated to alanine to reduce the
hydrophilic nature of the central channel in a stepwise fashion. Double mutations can also be
created to further reduce the hydrophilic nature of the central channel and the effect on monomer
transport, as well as filament morphology and stability, can be observed.
Additionally, site-directed mutagenesis can be used to investigate the role of the positive
charge of the Arg 494 residue of flagellin. Substituting aspartic acid or glutamic acid (both
negatively charged) would provide insight into whether or not a negative charge can fulfill the
same functional role as a positive charge in the 494 position. Furthermore, the effect of steric
hinderance can also be investigated by substituting tryptophan in the 494 position. The large side
chain of tryptophan may obstruct the already narrow central channel for the flagellar filament,
physically blocking flagellin monomers from being transported through the filament. Examples
of the proposed arginine mutations can be seen in Fig. 3.2.
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Figure 3.2: The N- and C-termini of the Salmonella flagellin monomer depicting various residues in
the 494 position. A) Arginine (wild type), B) Alanine, C) Aspartic acid, D) Glutamic Acid, E)
Tryptophan. Each side chain is colored to represent various atoms where grey is carbon, blue is
nitrogen and red is oxygen. Images were created using UCSF Chimera v. 1.14.

3.2 Methods
3.2.1 Media
All growth of bacterial strains and mutants was done using Luria-Bertani (LB) broth
consisting of 10 g tryptone, 5 g yeast extract, 10 g NaCl and D.I. water added to a total volume
of 1 L. The pH was adjusted to 7.0 using 1 M HCl or 1 M NaOH depending on if the pH needed
to be raised or lowered. The media was divided into 100 ml aliquots, then autoclaved with an
exposure time of 20 minutes at 121 °C and stored at 4 °C.
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Two types of agar were used in this project: LB agar 1.5% and LB agar 0.3% (motility
agar). Both types of LB agar were prepared exactly as the LB media, however, 15 g and 3 g of
agar were added before the addition of D.I. water to a final volume of 1L for LB agar 1.5% and
LB agar 0.3%, respectively. The agar medium was then autoclaved with an exposure time of 20
minutes at 121 °C and allowed to cool to ~50 °C before being poured into petri dishes. LB agar
1.5% was stored at 4 °C and the LB agar 0.3% was wrapped and stored at room temperature and
used within a week. Wrapping and storing the LB agar 0.3% ensured that moisture stayed in the
agar and did not evaporate or condense on the petri dish lid, which would otherwise alter the
percentage of agar due to moisture loss.
Ampicillin was used for plasmid selection. LB agar containing ampicillin (referred to as
LB AMP agar) was prepared as described above, however after autoclaving, the medium was
allowed to cool to ~50 °C before the addition of 100 mg/ml ampicillin to a final concentration of
100 μg/ml. The LB agar was swirled to ensure homogenous distribution of the ampicillin and
then poured into petri dishes and stored at 4 °C. Ampicillin was added to LB broth to a final
concentration of 100 μg/ml just before use (referred to as LB AMP broth).
3.2.2 Plasmids and Bacterial Strains
The wild-type fliC phase 1 flagellin gene of Salmonella typhimurium is carried on the
pTH890 plasmid inserted into the XbaI and HindIII restriction sites (Fig. 3.3) and is under the
control of the leaky trc promoter. This allows for fliC to be expressed at a low but constant rate
without the addition of an inducer such as isopropyl ß-D-1-thiogalactopyranoside (IPTG). The
parent plasmid of pTH890 is the pTrc99A plasmid, which is equivalent to pTH890 except for
that it lacks the fliC gene from S. typhimurium. Both plasmids carry the ampR ampicillin
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trc promoter

lacI

fliC

ampR promoter

ampR
Figure 3.3: A map of the pTH890 plasmid generated using Addgene online
software. https://www.addgene.org/
resistance gene and allows for the selection of these plasmids by adding ampicillin to growth
media.
SJW1103 is a strain of Salmonella typhiumurium that has a deletion of the phase 2 fljB
flagellin gene and serves as a wild-type control for motility and flagellar filament morphology.
SJW134 is a S. typhimurium strain that is restriction proficient and has a deletion of both phase 1
(fljB) and phase 2 (fliC) flagellin genes. SJW134 is used as for expression of flagellin mutants. S.
typhimurium strain JR501 is a restriction deficient, methylation proficient strain used for
methylation of plasmids isolated from E. coli, which would otherwise be degraded upon
transformation into SJW134.
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3.2.3 Site-directed Mutagenesis
Flagellin mutants were created using the Q5® Site-Directed Mutagenesis Kit (New
England Biolabs, Ipswich, MA). Mutagenesis primers were designed using the
NEBaseChanger® online software v1.2.8 (New England biolabs, https://nebasechanger.neb.com)
and are summarized in Table A1 of appendix 1. PCR volumes and thermocycler settings
suggested by New England Biolabs were used and are summarized in Tables 3.1 and 3.2,
respectively. A Touchgene Gradient Thermocycler (Bibby Scientific, Burlington, NJ, USA) was
used to carry out the PCR reaction.
After PCR, the mutagenized plasmid is linear and must be circularized. Additionally, the
original un-mutagenized template DNA is still present in the PCR product and must be digested
before downstream transformations can be done. To circularize the newly mutagenized plasmid
and digest the original un-mutagenized plasmid the KLD enzyme mix provided with the Q5®
site-directed mutagenesis kit was used. The KLD enzyme mix consists of a kinase, ligase and the
restriction enzyme Dpn1. The 5’ ends of the linear plasmid are phosphorylated by the kinase
which are then ligated by the ligase. Dpn1 digests the template DNA by recognition of the 5’GATC-3’ methylated restriction site. DNA synthesized by PCR is unmethylated and therefore
not digested by Dpn1. A 1 μl volume of 10x KLD enzyme mix and 5 μl of KLD reaction buffer
were mixed together and 1 μl of PCR product was added and incubated for 5 minutes.
A 5 μl volume of the KLD+PCR product reaction mix was added to 50 μl of chemically
competent NEB® 5-alpha E. coli cells and incubated on ice for 30 minutes. The cells were then
heat shocked for 30 seconds at 42 °C and immediately transferred back to ice for 5 minutes. Nine
hundred fifty μl SOC medium was added directly to the cells and they were incubated at 37 °C
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for 1 hour. After incubation, 100 μl of transformed E. coli cells were spread on to an LB AMP
agar 1.5% plate and incubated at 37 °C overnight.

Table 3.1: PCR Volumes and Concentrations for SiteDirected Mutagenesis
Reagent

Volume (µL)

Concentration

Q5 Hot Start High-Fidelity 2x
Master Mix

12.5

2X

DNA template
Forward Primer
Reverse Primer
Sterile water
Total

1
1.25
1.25
9.0
25.0

1-25 ng
0.5 μM
0.5 μM

Table 3.2: PCR Thermocycler Settings Used for Site Directed Mutagenesis of pTH890
Process

Temperature

Duration

Initial Denaturation

98 °C

30 s

Denaturation

98 °C

10 s

Annealing

63-70 °Ca

30 s

Elongation

72 °C

2 min 50 s

Hold

10 °C

Indefinite

a

Annealing temperatures were adjusted according to the recommended temperature provided
by NEBaseChanger®. Primers, template DNA, and annealing temperatures are provided in
Table S1 of Supplemental data.
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3.2.4 Gel Electrophoresis
Plasmid DNA was isolated from transformed E. coli colonies grown overnight in 5 ml
LB AMP broth using the GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich, St. Louis, MO,
USA). DNA samples were analyzed via gel electrophoresis with 1% agarose and 1 μg/ml
ethidium bromide in tris-acetate-EDTA (TAE) gel running buffer. About 200 ng of DNA was
loaded into each well of the gel and run at 80 V until the dye front was near the end of the gel.
Samples were visualized via a white/2UV transilluminator (Ultraviolet Products, Upland, CA,
USA) and imaged with a Kodak EDAS 290 imaging system (Kodak, Rochester, NY, USA).
Protein isolates were analyzed via 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Protein samples were suspended in 5x SDS gel loading buffer (0.6
ml 1 M Tris-HCl pH 6.8, 5 ml 50% glycerol, 2 ml 10% SDS, 0.5 ml 2-mercaptoethanol, 1 ml 1%
bromophenol blue, 0.9 ml H2O), and heated at 95 °C for 10 minutes before being loaded into the
gel. Electrophoresis was carried out in 1x SDS-PAGE running buffer diluted from a 1x stock
solution (30 g tris base, 144 g glycine, 10 g SDS, H2O added to 1 L), and run at 125 V for 75
minutes. Gels were stained with coomassie blue (100 ml glacial acetic acid, 500 ml methanol,
400 ml H2O, 1 g coomassie brilliant blue R-250) over night and de-stained using a gel destaining solution (100 ml glacial acetic acid, 400 ml methanol, 500 ml H2O). Gels were
visualized using a white/2UV transilluminator (Ultraviolet Products) and imaged using a Kodak
EDAS 290 imaging system (Kodak).
3.2.5 Flagellin Expression and Isolation
Plasmid DNA isolated from NEB® 5-alpha E. coli cells was transformed into S.
typhimurium strain JR501 using the transformation method described in section 3.2.3. Plasmid
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DNA isolated from JR501 cells was then transformed into S. typhimurium strain SJW134 for
expression of the fliC gene.
Extracellular flagellin was isolated from the media used to grow SJW134 cells carrying
mutagenized plasmids. Cultures were grown over night in 5 ml LB AMP broth. Overnight
growth was then diluted 1:100 in fresh LB AMP broth and grown to mid-log phase (OD600=0.500.65) with shaking at 30 °C in a humidified Innova 4230 refrigerated incubator shaker (New
Brunswick Scientific, Edison, NJ, USA). A 1 ml volume of mid-log phase culture was pelleted at
20,000 x g for 20 minutes at 4 °C in an Eppendorf 5430 centrifuge (Eppendorf, Hamburg,
Germany), and the supernatant was collected. The supernatant was filtered using a 0.22 µm
centrifuge tube filter (Corning Inc., Corning, NY, USA) at 5,000 x g for 5 minutes.
Flagellin monomers were precipitated from the filtered supernatant by one of two
methods depending on the downstream application. Flagellin samples used for circular dichroism
were precipitated by the addition of ammonium sulfate to a final concentration of 2 M and
incubated at 4 °C for 20 minutes. The sample was then centrifuged for 25 minutes at 20,000 x g.
The supernatant was discarded, and the protein pellet was re-suspended in 100 μl phosphate
buffer (10 mM sodium phosphate dibasic, pH 7.4). Protein concentration was measured at 280
nm UV light using a UV-1650PC UV-Visible spectrophotometer (Shimadzu, Kyoto, Japan).
Flagellin samples used for protein gel electrophoresis were precipitated by the addition of
100% (w/v) trichloroacetic acid (TCA) to a final concentration of 25%. Samples were incubated
for 10 minutes at 4 °C and centrifuged at 20,000 x g for 20 minutes. The supernatant was
discarded, and the protein pellet was washed with 200 μl of cold acetone. Samples were pelleted
again at 20,000 x g for 20 minutes. The supernatant was discarded, and samples were placed in a
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heat block at 50 °C for 5 minutes to evaporate residual acetone. The dried protein pellets were
resuspended in 50 μl of 5x SDS gel loading buffer.
3.2.6 Motility Analysis
Swarming motility of flagellin mutants was carried out using LB AMP agar 0.3%
(referred to as motility agar). Overnight 5 ml cultures were grown in LB AMP broth at 30 °C. A
volume of 1.5 μl overnight culture was injected at a single point into the motility agar and
incubated for 8 hours at 30 °C. Images of swarming growth were taken using a Kodak EDAS
290 imaging system (Kodak) and the swarming diameter was measured using calibrated ImagJ
software version 1.52 (NIH, Bethesda, MD, USA). The swarming motility of each flagellin
mutant was averaged from 3 different measurements and normalized relative to the wild-type
pTH890 positive control.
Swimming speed in liquid media was assessed by dark field video microscopy using a
Nikon darkfield condenser (Nikon, Tokyo, Japan) attached to a Nikon Eclipse E600 microscope
(Nikon) with a QICAM Fast 1394 camera (Teledyne Qimaging, Surrey, BC, Canada). Flagellin
mutants were grown overnight and diluted 1:100 in fresh LB AMP broth, then grown to mid-log
phase (OD600=.50-0.65) at 30 °C with gentle shaking. Cells were prepared for microscopy by
diluting 1.0 μl of mid-log phase in 500 μl fresh LB AMP broth. A 45 μl volume of mid-log
dilution was transferred onto a concave cavity microscope slide (Globe Scientific, Mahwah, NJ,
USA). Video of swimming cells was recorded at 40x magnification 4 seconds at a time and
analyzed using the object tracking feature of Image-Pro plus version 6.0 (Media Cybernetics
Inc., Rockville, MD, USA).
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3.2.7 Fluorescence Staining
Mutant flagellar filaments were visualized using immunofluorescence microscopy.
Overnight cultures were diluted 1:100 in fresh LB AMP broth and grown to mid-log phase at 30
°C with gentle shaking at 60 rpm in order to minimize filament shearing. Using a wax pencil, a
square was drawn on a positively charged Superfrost® plus microscope slide (VWR Scientific,
West Chester, PA, USA). A volume of 150 µl mid-log phase culture was added within the wax
square and incubated for 15 minutes to allow the cells to adhere to the slide. Mid-log growth was
washed off the slide using 2.0 ml tris-buffered saline (TBS) (20 mM tris base, 150 mM NaCl, pH
7.5). A blocking solution consisting of 5.0% bovine serum albumin (BSA) was added to the slide
for 10 minutes to reduce the amount of background staining, and the slide was then washed with
2.0 ml TBS. Flagellar filaments were first labeled with a 1:100 dilution of Salmonella H
polyclonal rabbit antiserum (Difco, Franklin Lakes, NJ, USA) for 30 seconds then washed with
2.0 ml TBS. A 1:100 dilution of Alexa Fluor™ 488 polyclonal goat anti-rabbit IgG (Thermo
Fisher Scientific, Waltham, MA, USA) was added to the slide for 30 seconds and washed with
2.0 ml TBS. Prepared slides were kept out of the light to avoid bleaching.
Flagellar filaments were imaged using a Nikon Eclipse E600 microscope (Nikon) with a
fluorescent lamp. Filament measurements and morphological analysis was done using ImagJ
(NIH) software. Filament length was determined by measuring the full contour length from the
proximal end of the filament to the distal end. Morphological analysis was done by measuring
the end-to-end length of the filament and counting the number of helical turns within the
measured region.
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3.2.8 Circular Dichroism
Isolated flagellin was heated to 65 °C to ensure samples were monomerized, then diluted
to 0.1 mg/ml. A 1 mm quartz cuvette was used in a Jasco J-815 circular dichroism
spectrophotometer (Jasco Inc., Easton, MD, USA) and spectra were collected from 260-190 nm.
Spectra collection settings were set to read samples at 100 nm/minute with a band width of 1.0
nm and a data pitch of 0.5 nm. A total of 3 spectra were collected and averaged for each sample.
3.2.9 Statistical Analysis
To determine the significance of data sets the p-value was calculated using a two-tailed
T-test where the experimental data set was compared to that of the wild-type data set. Statistical
significance was concluded if a data set had a 95% (p-value <0.05) confidence interval. One
standard deviation of a data set was used for the error bars in graphs of quantitative data.
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CHAPTER 4
RESULTS
4.1 Confirmation of Flagellin Mutations
In order to investigate the effects of reduced hydrophilicity of the flagellar filament
central channel, 10 single and double flagellin mutants were generated by site-directed
mutagenesis which substituted the wild-type residue for alanine. Additionally, 3 Arg 494 mutants
were generated to investigate the function of the positive charge and steric hinderance in the 494
position. Table 4.1 summarizes all generated mutants and their naming system.
In addition to being substituted with alanine, arginine 494 was substituted with glutamic
acid and aspartic acid, both negatively charged. This was done to investigate the functional role
of the positive charge in the 494 position, and whether or not a negative charge could fulfill that
same functional role. Furthermore, tryptophan was substituted in the 494 position to investigate
the effects of steric hinderance. Tryptophan has a large bulky side chain that may reduce the
diameter of the central channel, making it more difficult for monomer proteins to diffuse to the
distal end of the flagellar filament.
After flagellin mutant plasmids were isolated from NEB® 5-alpha E. coli cells, they were
analyzed by agarose gel electrophoresis to confirm size and ensure no large deletions or
insertions had occurred during site-directed mutagenesis. Mutant plasmids were not linearized
before gel electrophoresis, therefore using a DNA ladder consisting of linear fragments of DNA
is not practical to use to determine plasmid size. Instead, pTH890 was used as a positive control
and mutant plasmids that appeared to be similar in length (Fig. 4.1) were sent to Genewiz (South
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Plainfield, NJ, USA) for sequencing and confirmation that the desired mutation had successfully
been implemented. DNA sequences of flagellin mutants are shown in appendix 2.

Table 4.1: Flagellar Channel-lining Residue Mutants
Residuea

Mutationb

Nomenclaturec

Glutamine 484

Gln → Ala

Q484A

Asparagine 488

Asn → Ala

N488A

Serine 491

Ser → Ala

S491A

Arginine 494

Arg → Ala

R494A

Arginine 494

Arg → Glu

R494E

Arginine 494

Arg → Asp

R494D

Arginine 494

Arg → Trp

R494W

Glutamine 484, Asparagine 488

Gln → Ala, Asn → Ala

Q484A/N488A

Glutamine 484, Serine 491

Gln → Ala, Ser → Ala

Q484A/S491A

Glutamine 484, Arginine 494

Gln → Ala, Arg → Ala

Q484A/R494A

Asparagine 488, Serine 491

Asn → Ala, Ser → Ala

N488A/S491A

Asparagine 488, Arginine 494

Asn → Ala, Arg → Ala

N488A/R494A

Serine 491, Arginine 494

Ser → Ala, Arg → Ala

S491A/R494A

a

The name of the amino acid and its position in the FliC monomer protein.
The substitution mutation replacing the wild-type residue with the desired mutant
residue (either alanine, glutamic acid, aspartic acid or tryptophan).
c
The naming system to represent each flagellin mutant with the single letter notation
of the wild-type residue, followed by its position in the FliC monomer and the single
letter notation of the residue it was substituted with.
b
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Figure 4.1: DNA gel electrophoresis of non-linearized flagellin mutant plasmids. The lane
numbers are as follows: 1: pTH890, 2: R494A, 3: S491A, 4: N488A, 5: Q484A, 6: R494W,
7: R494D, 8: R494E, 9: pTH890, 10: S491A/R494A, 11: N488A/R494A, 12: Q484A/R494A,
13: N488A/S491A, 14: Q484A/S491A, 15: Q484A/N488A. All mutant plasmids appear to be
similar in size to the pTH890 positive control, and thus no major insertions or deletions
occurred during site-directed mutagenesis.

4.2 Motility Screening of Flagellin Mutants
Flagellin mutants were screened for motility by using overnight growth to inoculate
motility agar at a single point and measuring the swarming diameter. Of the single alanine
substitution mutants, R494A was the only one to have no difference in swarming motility
compared to the wild-type control (Fig. 4.2), while the others had reduced swarming motility
(Q484A, N488A, S491A). All double alanine substitution mutants had reduced swarming
motility compared to the wild type. Additionally, double mutants exhibited a reduction in
swarming motility that was more severe than either of the single mutant counterparts. For
example, the R494A mutant showed no reduction in swarming motility and the S491A mutant
had a swarming motility that was 35% of the wild type. However, combining those mutants
(S491A/R494A) resulted in a swarming motility that was 21% of the wild type. This was the
case for all double mutants.
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Additionally, the swarming motility results indicate that a positive charge in the 494
position of FliC is not necessary, as shown by the R494A mutant, suggesting that this position
can tolerate substitution with a non-polar side chain. However, when a negative charge is
substituted in the 494 position in the R494E and R494D mutants swarming motility is reduced to
31% and 29% of the positive control, respectively. Though the function of the positive charge of
Arg494 is not known, replacement with a negative charge cannot fulfill the same functional role.
Also of note is the reduced swarming motility of the R494W mutant, which is likely caused by
steric hinderance of the large tryptophan side chain that reduces the rate at which flagellin
monomers travel to the distal end of the flagellar filament. Though it is possible that the reduced
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b

Mutant Name

Figure 4.2: Flagellin mutant swarming motility results. (a) Swarming motility of mutants in 0.3% LB
agar. Mutants were inoculated at a single point and incubated at 30 ˚C for 8 h. Growth is shown as
white and the black background is uncolonized agar. (b) Swarming motility of mutants relative to
wild-type flagellin (SJW134 complimented with the pTH890 plasmid).

motility could be due to the presence of a non-polar side chain, it is not likely, as tolerance to the
presence of a polar side chain has been shown via the R494A mutant.
4.3 Circular Dichroism of Mutant Flagellin
Substitution mutations may lead to changes in the secondary structure of the flagellin
monomer. It is possible that such a change in the monomer could lead to altered filament
assembly or filament stability, which may cause reduced swarming motility. To investigate this
possibility, isolated mutant flagellin was analyzed by circular dichroism to detect any major
changes in secondary structure. Extracellular flagellin was isolated from the supernatant of
media used to grow mutants to mid-log phase and analyzed by circular dichroism. About 90% of
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flagellin monomers that are secreted into the central channel will be incorporated into the
growing flagellar filament, while the other 10% will leak into the media75, making it possible to
isolate flagellin in quantities and relative purities that are useful for most applications.
Before analysis by circular dichroism, isolated mutant flagellin was subjected to SDSPAGE to check for correct length and purity of flagellin samples (Fig. 4.3). Protein bands in each
lane appeared just below the 55.4 kda band of the protein marker, which is expected of each
flagellin mutant which are around 51.6 kda. Additionally, the samples were relatively pure as no
other bands within the lanes were detected by Coomassie blue staining.
Circular dichroism (CD) spectra revealed two mutants, R494E and S491A/R494A, that
may have changes in secondary structure (Fig. 4.4). The CD spectrum for mutant R494E appears
slightly below the control in the 195-215 nm and 220-225 nm regions, suggesting an increase in
the overall alpha helical composition of the protein. In contrast, the S491A/R494A mutant CD
spectrum appears slightly above the control in the 195-210 nm region, suggesting an increase in
66.3 kda
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Figure 4.3: Isolated flagellin run on 12% SDS-PAGE stained with Coomassie blue. The FliC wildtype positive control and all flagellin mutants appear just below the 55.4 kda band of the protein
marker, indicating that there are no major differences in molecular mass. Lanes were labeled as
follows: lane 1: mark 12 protein ladder, lane 2: wild-type, lane 3: S491A/R494A, lane 4:
N488A/R494A, Lane: 5, Q484A/R494A, Lane 6: N488A/S491A, Lane 7: Q484A/S491A, Lane 8:
Q484A/N488A, Lane 9: mark 12 protein ladder, Lane 10: wild-type, Lane 11: R494A, Lane 12:
S491A, Lane 13: N488A, Lane 14: Q484A, Lane 15: R494E, Lane 16: R494D, Lane 17: R494W.
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Figure 4.4: Circular dichroism spectra of all flagellin mutants. The vast majority of flagellin mutants
show no significant difference from the wild-type control with the exception of R494E and
S491A/R494A, which deviate slightly from the control.

the overall beta sheet composition. It is unclear whether or not these differences in spectra are
indicative of real changes in the secondary structure. The substitution mutations of all mutants in
this study occur at the c-terminal region of the flagellin monomer, which is an inherently
disordered region in monomeric form76, so it is unlikely that a detectable change in secondary
structure would occur.
To further investigate the possibility of altered secondary structure in mutants R494E and
S491A/R494A, PDB files were generated using the protein structure prediction software,
Robetta, PDB files were analyzed using Chimera software and images of the c-terminal region of
the R494E and S491A/R494A mutants were generated for comparison to the wild-type flagellin
(Fig. 4.5). The results showed that a there is a predicted extension of the alpha helix of the cterminal region by a single residue (Fig. 4.5). In the wild-type flagellin the c-terminal alpha helix
ends at Leu493, however, in the predicted structure of the R494E and S491A/R494A mutants the
c-terminal alpha helix included Leu493, leaving the 494 position unstructured. Circular
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dichroism is not sensitive enough to detect an increase in alpha helical content by one residue.
The observed deviation of CD spectra of mutants R494E and S491A/R494A from the wild type
is likely an artifact of measurement and does not represent a real change in the secondary
structure of the flagellin monomers.
Wild-type

R494E

S491A/R494A

Figure 4.5: The structure of the C-terminal ends of the wild type, R494E and S491A/R494A flagellin
mutants predicted by Robetta protein structure prediction software where blue indicates the Nterminal region and red indicates the C-terminal region. Brackets indicate the only difference that was
detected in the secondary structure between mutants.

4.4 Video Analysis of Flagellin Mutants Swimming in a Liquid Medium
Flagellin mutants were recorded swimming in a liquid medium using a calibrated
microscope with a video camera attachment and swimming speeds were determined using Image
Pro Plus software. This was done in order to determine potential causes of the reduced swarming
distance observed in motility agar. It is possible that the substitution mutations of the flagellin
mutants resulted in flagellar filaments that are more brittle than the wild-type control. The
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viscous nature of motility agar would cause much more resistance to a cell as it moves through
the medium, resulting in a much greater physical force being applied to the flagellar filaments. If
the filament is brittle or less stable then it is possible that it would break, leaving the cell with an
impaired ability to move through the medium. A liquid medium, such as LB broth, is less
viscous than motility agar and would result in a smaller physical force being applied to the
flagellar filaments as it passes through the medium, leaving the filaments intact. Therefore,
mutants that have a reduced swarming distance in motility agar but a similar swimming speed to
the wild-type control in a liquid medium may have brittle flagella.
Initial analysis of mutant swimming speeds resulted in a large standard deviation, as
shown by the error bars in Fig. 4.6. To ensure the data collected would be statistically relevant
despite a large standard deviation, large sample sizes were collected for each mutant (average
n=56). Even with large sample sizes, a large standard deviation persisted in the flagellin mutants,
including the wild-type control. This is likely due to a natural variation in flagellar filament
development, where one observed cell may be in the early stages of development with few or
shorter flagella, whereas another observed cell may have fully developed flagella. However, this
likely has no impact on the interpretation of results, as observed cells for all mutants were
selected for measurement at random, making it likely that an equal distribution of developmental
stages occurred in all sample groups.
Five flagellin mutants (R494A, Q484A, R494W, Q484A/R494A and N488A) were
observed to have a swimming speed that was not significantly different from the wild-type
control (p>0.05) and are represented by white bars in Fig. 4.6. Of these five mutants, R494A was
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Figure 4.6: A bar graph showing the swimming speed of S. typhimurium cells expressing flagellin
mutants in liquid LB medium. Asterisks indicate mutants that exhibited cell clumping behavior. Data
points for these mutants were of clumped cells rather than individual cells. White bars represent
mutants that are not significantly different from the wild-type flagellin control (p=>0.05). Black, dark
grey, and light grey bars represent mutants that are significantly different from the control and each
other colored group (p=<0.05).

the only one to have a swarming distance in motility agar that was similar to the control. Each of
the remaining four mutants were observed to have reduced swarming distance in motility agar,
and therefore, may have flagella that are more brittle than the wild type.
Of the mutants that had a swimming speed that was significantly slower than the control,
three distinct groups were observed and are represented by black, grey and light grey bars in Fig.
4.6. Each group had a swimming speed that was significantly different from the other (p<0.05).
For the mutants in these groups, brittle flagella cannot be ruled out, as they may have other
flagellar characteristics induced by the substitution mutations that could cause a reduced
swimming speed in both motility agar and a liquid medium. Mutants N488A/S491A,
S491A/R494A and N488A/R494A were observed to form cell clumps while measuring
swimming speed (Fig. 4.7). This may be caused by an altered flagellar morphology that causes
the cells to adhere to one another, rather than swimming as a single cell.
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Wild-type

N488A/R494A

S491A/R494A

N488A/S491A

Figure 4.7: Micrographs of mutants in a liquid medium taken using darkfield microscopy
where cells appear as light objects. Cell clumps were observed for mutants N488A/R494A,
N488A/S491A and S491A/R494A. Wild-type cells are shown as a reference of the typical
cell arrangement in liquid media.
Mutants S491A, Q484A/N488A, R494D, R494E and Q484A/S491A, which had a slower
swimming speed but did not form cell clumps, may have flagellar characteristics that affect
motility in a liquid medium. Such characteristics may be an altered flagellar morphology (that
does not result in cell clumping) or shorter flagella that are non-optimal for motility. Based on
these results it is clear that mutating channel lining residues can have several different effects on
motility, including brittle flagella that may break in a viscous medium. However, these results do
not make it clear what causes the slower liquid swimming speed observed in many of the
mutants.
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4.5 Analyzing Flagellar Filament Length via Immunofluorescent Staining
Motility assays in agar and liquid media indicated that substituting channel lining
residues with alanine or other amino acids can reduce motility. It was determined that some
mutants may have reduced motility due to brittle flagella, however, it is unclear if impaired
flagellin transport, leading to shorter flagella, may also affect motility. To investigate this
possibility, mutants were grown to mid-log phase with gentle shaking to ensure flagellar
filaments would remain intact. Cells grown to mid-log growth were applied to a positively
charged microscope slide and allowed to adhere to the surface for 15 minutes. Due to the overall
negative charge of the cell surface and the natural adhering characteristics of flagella, cells were
able to remain attached to the microscope slide through the washing and immunostaining process
without the use of a fixing agent. This made it possible to image fluorescently labeled flagella
attached to live cells as opposed to other staining processes that use fixatives such as
formaldehyde or glutaraldehyde to fix cells to the microscope slide, which kills the cells and may
alter the flagellar filament morphology.
The filament contour length for each mutant was measured using ImagJ software. An
average of 23 flagellar filaments were measured for each mutant and used to calculate the
average filament length (Fig. 4.8). Similar to the liquid swimming speed results, a large standard
deviation was observed, which is also likely attributed to measured flagella being at different
stages of development. As with the liquid swimming speed measurements, flagella were selected
for measurement at random, making it likely that filaments of differing developmental stages
would occur at an equal distribution for all mutants.
The majority of flagellin mutants had flagellar filaments that were not significantly
different in length from the wild-type control. However, five mutants (Q484A/R494A,
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Figure 4.8: Bar graph showing the average filament length of each mutant. White bars represent
mutants that are not significantly different from the control (p=>0.05). Grey bars represent mutants
that are significantly different from the control (p=<0.05). The p-values were calculated against the
wild-type filament length using a two-tailed T-test.

N488A/R494A, R494W, R494D and R494E) had flagella that were significantly shorter than
that of the control. These mutants may have an impaired ability to transport flagellin to the distal
end of the filament, resulting in flagella that develop and lengthen more slowly than nonimpaired mutants.
It is interesting to note that the R494A mutant, which substitutes the positive charge of
the arginine side chain with the non-polar side chain of alanine, had no effect on filament length.
However, in the case of mutants R494D and R494E, substituting the positive charge of arginine
with the negative charge of aspartic acid or glutamic acid results in significantly shorter flagellar
filaments. Additionally, flagellin mutant R494W also resulted in significantly shorter flagella
likely due to steric hinderance of the large side chain of tryptophan which would cause the inner
channel to be narrower than the wild-type inner channel. Mutants Q484A/R494A and
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N488A/R494A are also noteworthy because, they both have flagella that are significantly shorter
than the wild type. However, none of their single mutant counter parts appear to have a
detectable effect on filament length. For example, single mutants Q484A, N488A and R494A
resulted in flagella that were similar in length to the wild type, however, when combined into
double mutants (i.e. Q484A/R494A and N488A/R494A), flagella were significantly shorter.
4.6 Flagellar Filament Morphology
When analyzing fluorescently labeled flagella for length, an altered morphology was
observed among some of the flagellin mutants (Fig. 4.9). The altered morphology consisted of a
“hyper-coil” that comprised either the entire length of the filament (i.e. N488A/S491A) or
comprised only the end of the filament which was preceded by a wild-type morphology (i.e.
S491A). The hyper-coil morphology is characterized by a higher frequency of helical turns per
micrometer of the filament, where each helical turn has a smaller amplitude than the wild type.
In total, two single mutants (N488A and S491A) and five double mutants (Q484A/N488A,
Q484A/S491A, N488A/S491A, N488A/R494A, and S491A/R494A) were observed to have a
Wild-type

R494A

N488A

Q484A /S491A

S491A

S491A/R494A

N488A/S491A

Q484A/N488A

Figure 4.9: Micrographs of S. typhimurium flagella labelled via immunofluorescence. Note that a
number of mutants had a section of filament that was hyper-coiled. The hyper-coiled region was
usually preceded by a flagellar region with supercoiling similar to the wild-type morphology.
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hyper-coil morphology. Three mutants (R494W, R494D and R494E) had flagella that were too
short for morphological analysis and, as such, were not included in this section.
Analysis of the wild-type flagellar morphology showed an average of 0.41 ±0.03
turns/μm (Table 4.2). Flagellin mutants that exhibited strictly the wild-type filament morphology
(Q484A, R494A, and Q484A/R494A) were found to have, on average, 0.43 ±0.04 turns/μm.
Mutants that exhibited both hyper-coil and wild-type morphologies within a single filament had
those sections measured separately (Table 4.2) and were found to have an average of 0.82 ±0.05
turns/μm for hyper-coiled sections and 0.44 ±0.04 turns/μm for wild-type sections. These
measurements are consistent with those of Ali et al.77, who analyzed wild-type flagella and
flagella locked in a “curly” morphology. The wild-type sections of the flagellin mutants in the
present study are similar to those measured by Ali et al.77, which were found to have 0.43 ±0.01
turns/μm. The curly flagella measured by Ali et al.77 were found to have 0.84 ±0.01 turns/μm,
similar to that of the hyper-coiled morphology in the present study.
With the exception of mutant N488A, all mutants that were observed to have hypercoiled flagellar filaments had swimming speeds that were significantly slower than that of the
wild-type control. These results indicated that a hyper-coiled morphology may reduce motility
because a tighter coil may produce less thrust per turn of the basal body motor, thus resulting in
an altered swimming speed. Additionally, even though some mutants displayed a hyper-coiled
morphology for the entire length of the flagellar filament, all mutants displayed at least one
flagellar filament that had both a wild-type section and a hyper-coiled section. This suggests that
flagellar filaments of these mutants are not locked in a hyper-coiled morphology, but rather, a
hyper-coiled morphology may be more easily induced in these mutants.
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Table 4.2: Morphological Analysis of Mutant Flagellar Filaments
Flagellin

Average Helicity

Helicity Standard

Sample Size

Mutantb

(turns/µm)c

Deviation (turns/µm)d

ne

wild type

0.41

0.03

11

Q484A

0.39

0.06

10

N488Aa

0.82a, 0.43

0.05a, 0.02

11a, 13

S491Aa

0.81a, 0.44

0.04a, 0.05

11a, 5

R494A

0.41

0.04

11

Q484A/N488Aa

0.84a, 0.43

0.09a, 0.01

9a, 11

Q484A/S491Aa

0.83a, 0.44

0.07a, 0.07

14a, 6

Q484A/R494A

0.39

0.04

10

N488A/S491Aa

0.82a, 0.44

0.05a, 0.04

14a, 6

N488A/R494Aa

0.77a, 0.44

0.03a, 0.04

5a, 5

S491A/R494Aa

0.84a, 0.46

0.03a, 0.04

9a, 4

a

Sections of filaments that exhibited a hyper-coiled morphology.
Flagellin mutants with alanine substitution mutations.
c
The average number of helical turns per micrometer of the filament as measured end-to-end.
d
The standard deviation for the number of helical turns for each mutant.
e
The number of flagellar filaments analyzed for each mutant.
b
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CHAPTER 5
DISCUSSION AND FUTURE DIRECTIONS
5.1 Discussion
After the structure of flagellin was first determined, Yonekura et al., 2003 hypothesized
that three channel lining residues (Gln 484, Asn 488 and Arg 494) created a hydrophilic surface
in the central channel of the flagellar filament that were necessary for the efficient transport of
flagellin monomers to the distal end of the filament20. Since then, other studies have postulated
the transport facilitating role of channel lining residues, including the prediction that Ser 491 was
also a channel lining residue22,23. Beyond facilitating protein transport, no other functions of the
channel lining residues had been predicted.
Flagellar filament stability of the flagellin mutants was assessed by comparing the
swarming diameter and swimming speed (Figs. 4.2 and 4.6). The 0.3% motility agar exerts a
large force on flagellar filaments as the cell moves through the viscous medium. This may cause
filaments with reduced stability to break, resulting in impaired motility and a smaller swarming
diameter compared to the wild type. Mutants swimming in a liquid medium would experience far
less force exerted on flagellar filaments compared to motility agar and would likely remain intact
and cause no impairment of motility. Additionally, flagellar morphology and length must also be
considered when evaluating filament stability by this method, because a hyper-coil morphology
could also explain a reduced diameter in motility agar. Following this criteria, mutants Q484A
and Q484A/R494A were determined to have brittle flagella (Table 5.1). These mutants have
flagella with a similar length, morphology and swimming speed to that of the wild type, yet they
have a reduced swarming distance in motility agar, which can only be attributed to
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Table 5.1: Mutant Flagellar Filament Characteristics
Flagellin
Mutant
Q484A

Swarming Swimming
Motility
Speed
Reduced
Similar

Shorter
Flagella? Morphology Brittle Flagella?
No
Wild type
Yes

N488A

Reduced

Similar

No

Hyper-coil

Cannot Conclude

S491A

Reduced

Reduced

No

Hyper-coil

Cannot Conclude

R494A

Similar

Similar

No

Wild type

No

R494E

Reduced

Reduced

Yes

N/D*

Cannot Conclude

R494D

Reduced

Reduced

Yes

N/D*

Cannot Conclude

R494W

Reduced

Similar

Yes

N/D*

Cannot Conclude

Q484A/N488A

Reduced

Reduced

No

Hyper-coil

Cannot Conclude

Q484A/S491A

Reduced

Reduced

No

Hyper-coil

Cannot Conclude

Q484A/R494A

Reduced

Similar

Yes

Wild type

Yes

N488A/S491A

Reduced

Reduced

No

Hyper-coil

Cannot Conclude

N488A/R494A

Reduced

Reduced

Yes

Hyper-coil

Cannot Conclude

S491A/R494A

Reduced

Reduced

No

Hyper-coil

Cannot Conclude

*These mutants had flagella that were too short for morphological analysis

a reduced stability of the flagellar filaments. Mutant R494A was determined to not have brittle
flagella as it was similar to the wild type in all aspects, including filament morphology, filament
length, swimming speed and swarming distance. All other mutants exhibited multiple flagellar
characteristics that deviated from the wild type, and therefore it cannot be determined whether or
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not these mutants have brittle flagella (labeled as “cannot conclude” in Table 5.1), though it does
not exclude the possibility.
The observed reduction in length of flagellar filaments of five mutants, Q484A/R494A,
N488A/R494A, R494W, R494D and R494E (Fig. 4.8), could indicate an impaired ability to
transport flagellin monomers through the central channel, which is consistent with the
hypothesized function of the channel lining residues20,22,23. Only three of the eleven mutants that
reduced the hydrophilic nature of the central channel resulted in reduced filament length. This
indicates that the central channel may be somewhat tolerant of changes in hydrophilicity while
still facilitating the transport of flagellin monomers. Additionally, many mutants that had short
flagella also had a reduced swimming speed. However, two mutants (R494W and
Q484A/R494A) had short flagella but showed no difference in swimming speed compared to the
wild type (Table 5.1). This leaves some uncertainty to the importance of filament length with
respect to motility.
Seven mutants (N488A, S491A, Q484A/N488A, Q484A/S491A, N488A/S491A,
N488A/R494A and S491A/R494A) exhibited flagella with a hyper-coil morphology. It is
interesting that substituting only one or two channel lining residues with alanine can cause such a
large change in filament structure. Similar changes have been observed in previous studies where
substitution mutations in the D1 domain of flagellin caused changes in filament morphology,
which were attributed to inter-subunit interactions78,79. The structure of the FliC flagellin
monomer was solved to a resolution of ~4 Å20, leaving some uncertainty to the exact position of
the side chains of the amino acids. It is possible then, that the putative channel lining residues in
the D0 domain may influence the filament structure by interacting with other flagellin monomers
when incorporated into the filament. Furthermore, the hyper-coil morphology observed in this
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study is likely what is widely known as the “curly” conformation. Measurements of hyper-coiled
filaments were consistent with those of a previous study that characterized flagellar filaments of
known morphology, including the curly conformation77. Additionally, all mutants that exhibited
hyper-coiled filaments were also observed to have filaments with wild-type-like sections. This
shows that mutants are likely not locked in a hyper-coil morphology and instead, a hyper-coil
morphology may be more easily induced.
Perhaps the most interesting finding of this study was that the positive charge of the Arg
494 residue appeared to have no discernable function. When the positive charge was replaced by
the non-polar residue alanine in the R494A mutant all measured characteristics appeared similar
to that of the wild type. However, if the positive charge in the 494 position was replaced with a
negative charge (i.e. R494D and R494E) then motility was greatly reduced, and flagella were
significantly shorter. The current structural model of flagellin shows that Arg 494 is in a
disordered region of the D0 domain20, which may explain why substitution with alanine is
tolerated, nevertheless, this does not explain why substitution with aspartic acid or glutamic acid
is not tolerated. Further investigation of Arg 494 is needed in order to elucidate the functional
role, if any, of this position.
To conclude, previous studies have predicted that the putative channel lining residues
facilitate the transport of flagellin monomers to the distal end of the flagellar filament.
Additionally, substitution mutations in the D1 domain of flagellin have been shown to influence
the morphology and stability of flagellar filaments, however, to the best of the author’s
knowledge such effects have never been demonstrated in the C-terminal D0 domain. This study
has shown for the first time that channel lining residues may not be explicitly necessary for
flagellar synthesis, as all mutants still formed flagella. Moreover, channel lining residues were
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found to be multifunctional, influencing flagellar filament morphology, length, and stability.
Lastly, a higher resolution structural model of FliC flagellin monomers assembled into the
flagellar filament will be necessary to help elucidate the inter-subunit interactions that may exist
between the channel lining residues and neighboring flagellin monomers.
5.2 Future Directions
It is possible that non-channel lining residues in the C-terminal end of the flagellin
monomer may have functional roles. Alanine scanning in this region and subsequent
characterization may identify functional residues and help predict which amino acids may
interact with neighboring flagellin monomers. Additionally, the positive charge of Arg 494
should be further investigated by substitution with lysine. Great insight could be gained from
determining whether or not a positive charge from a different amino acid could fulfill a wildtype-like role in the 494 position.
In order to definitively determine the effect of reduced central channel hydrophilicity on
flagellin monomer transport the growth rate of flagellar filaments should be directly measured.
Directly measuring the growth rate of flagellar filaments can be done in real time by using the
continuous flow in situ immunostaining method developed by Renault et al., 201767. Mutants
that display a filament growth rate slower than the wild type could be concluded to have an
impaired ability to transport flagellin monomers.
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APPENDIX 1

Table A1: Primers, template DNA and annealing temperature used for site-directed mutagenesis
Annealing
Flagellin

Template
Forward Primer

Temperature

Reverse Primer
DNAa

Mutant

(°C)b
5'5'-AGGACGTTTTGCGGAACC
R494A

CTCTTTACTGGCGTAAGGATCCG

pTH890

63

pTH890

64

pTH890

63

-3'
61

AATTCGAGCTC -3'
5'5'-AGGACGTTTTGCGGAACC
R494W

CTCTTTACTGTGGTAAGGATCCG
-3'
AATTC-3
5'5'-AGGACGTTTTGCGGAACC

R494E

CTCTTTACTGGAGTAAGGATCCG
-3'
AATTCGAGC-3'

5'5'-AGGACGTTTTGCGGAACC
R494D

CTCTTTACTGGATTAAGGATCCG

pTH890

63

pTH890

68

pTH890

70

pTH890

65

-3'
AATTCGAGC-3'
5'5'-TGCGGAACCTGGTTCGCC
S491A

AAACGTCCTCGCGTTACTGCGTT
-3'
AAGGATC -3'
5'5'-TGGTTCGCCTGCGCCAGA

N488A

GGTTCCGCAAGCGGTCCTCTCTT
-3'

62

TACTGCGTTAAGGATC -3'

Q484A

5'-

5'-

GCAGGCGAACGCGGTTCCGCAA

GCCAGAACGGAGGTACCG -

AAC -3'

3'

5’5'-TGCGGAACCTGGTTCGCC
S491A/R494A

pTH890-

AAACGTCCTCGCGTTACTGGCGT

68
-3'

AAGG-3’

R494A

5’5'-TGGTTCGCCTGCGCCAGA

pTH890-

N488A/R494A GGTTCCGCAAGCGGTCCTCTCTT

70
-3'

R494A

TACTGGCGTAAGG-3’
5'-

5'pTH890-

Q484A/R494A GCAGGCGAACGCGGTTCCGCAA

GCCAGAACGGAGGTACCG -

65
R494A

AAC -3'

3'

5’5'-TGGTTCGCCTGCGCCAGA
N488A/S491A

pTH890-

GGTTCCGCAAGCGGTCCTCGCGT

70
-3'

S491A

63

TACTGCG-3’
5'-

5'-

GCAGGCGAACGCGGTTCCGCAA

GCCAGAACGGAGGTACCG -

AAC -3'

3'

5'-

5'-

pTH890Q484A/S491A

65
S491A

pTH890Q484A/N488A GCAGGCGAACGCGGTTCCGCAA

GCCAGAACGGAGGTACCG -

65
N488A

AAC -3'

3'

a

The pTH890 plasmid was used as the template DNA for all single mutants. Template DNA used for generation of double

mutants was that of a single mutant.
b

Annealing temperatures are those suggested by the NEBaseChanger® software v1.2.8.
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APPENDIX 2
The following are DNA sequences of fully sequenced pTH890 plasmids that were
mutated by site-directed mutagenesis. Nucleotides that are highlighted with green represent
desired mutations. Nucleotides that are highlighted with yellow represent mutations that were not
desired, but still encode the same amino acid as the wild-type sequence.
pTH890-fliC:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGAACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGTC
CTCTCTTTACTGCGTTAA
R494A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
65

AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGTC
CTCTCTTTACTGGCGTAA
S491A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
66

CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGTC
CTCGCGTTACTGCGTTAA
N488A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAGCGGTC
CTCTCTTTACTGCGTTAA
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Q484A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACGCGGTTCCGCAAAACGTC
CTCTCTTTACTGCGTTAA
R494W:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
68

CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGTC
CTCTCTTTACTGTGGTAA
R494E:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
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TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGTC
CTCTCTTTACTGGAGTAA
R494D:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGTC
CTCTCTTTACTGGATTAA
S491A/R494A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
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CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAAACGTC
CTCGCGTTACTGGCGTAA
N488A/R494A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
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GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAGCGGTC
CTCTCTTTACTGGCGTAA
Q484A/R494A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACGCGGTTCCGCAAAACGTC
CTCTCTTTACTGGCGTAA
N488A/S491A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
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GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACCAGGTTCCGCAAGCGGTC
CTCGCGTTACTGCGTTAA
Q484A/S491A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
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ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACGCGGTTCCGCAAAACGTC
CTCGCGTTACTGCGTTAA
Q484A/N488A:
ATGGCACAAGTCATTAATACAAACAGCCTGTCGCTGTTGACCCAGAATAACCTGAAC
AAATCCCAGTCCGCTCTGGGCACCGCTATCGAGCGTCTGTCTTCCGGTCTGCGTATC
AACAGCGCGAAAGACGATGCGGCAGGTCAGGCGATTGCTAACCGTTTTACCGCGAA
CATCAAAGGTCTGACTCAGGCTTCCCGTAACGCTAACGACGGTATCTCCATTGCGCA
GACCACTGAAGGCGCGCTGAACGAAATCAACAACAACCTGCAGCGTGTGCGTGAAC
TGGCGGTTCAGTCTGCTAACAGCACCAACTCCCAGTCTGACCTCGACTCCATCCAGG
CTGAAATCACCCAGCGCCTGAACGAAATCGACCGTGTATCCGGCCAGACTCAGTTC
AACGGCGTGAAAGTCCTGGCGCAGGACAACACCCTGACCATCCAGGTTGGTGCCAA
CGACGGTGAAACTATCGATATCGATCTGAAGCAGATCAACTCTCAGACCCTGGGTCT
GGATACGCTGAATGTGCAACAAAAATATAAGGTCAGCGATACGGCTGCAACTGTTA
CAGGATATGCCGATACTACGATTGCTTTAGACAATAGTACTTTTAAAGCCTCGGCTA
CTGGTCTTGGTGGTACTGACCAGAAAATTGATGGCGATTTAAAATTTGATGATACGA
CTGGAAAATATTACGCCAAAGTTACCGTTACGGGGGGGACTGGTAAAGATGGCTAT
TATGAAGTTTCCGTTGATAAGACGAACGGTGAGGTGACTCTTGCTGGCGGTGCGACT
TCCCCGCTTACAGGTGGACTACCTGCGACAGCAACTGAGGATGTGAAAAATGTACA
AGTTGCAAATGCTGATTTGACAGAGGCTAAAGCCGCATTGACAGCAGCAGGTGTTA
CCGGCACAGCATCTGTTGTTAAGATGTCTTATACTGATAATAACGGTAAAACTATTG
ATGGTGGTTTAGCAGTTAAGGTAGGCGATGATTACTATTCTGCAACTCAAAATAAAG
ATGGTTCCATAAGTATTAATACTACGAAATACACTGCAGATGACGGTACATCCAAAA
CTGCACTAAACAAACTGGGTGGCGCAGACGGCAAAACCGAAGTTGTTTCTATTGGT
GGTAAAACTTACGCTGCAAGTAAAGCCGAAGGTCACAACTTTAAAGCACAGCCTGA
TCTGGCGGAAGCGGCTGCTACAACCACCGAAAACCCGCTGCAGAAAATTGATGCTG
CTTTGGCACAGGTTGACACGTTACGTTCTGACCTGGGTGCGGTACAGAACCGTTTCA
ACTCCGCTATTACCAACCTGGGCAACACCGTAAACAACCTGACTTCTGCCCGTAGCC
GTATCGAAGATTCCGACTACGCGACCGAAGTTTCCAACATGTCTCGCGCGCAGATTC
TGCAGCAGGCCGGTACCTCCGTTCTGGCGCAGGCGAACGCGGTTCCGCAAGCGGTC
CTCTCTTTACTGCGTTAA
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